A coumarin-benzothiazole ratiometric probe of ATP was designed and synthesized. The probe is based on incorporation of benzothiazole scaffold as a donor and coumarin nucleus as an acceptor in a single Förster resonance energy transfer/fluorescence resonance energy transfer (FRET) sensing platform. The sensor can detect ATP in aqueous solution with high selectivity over other nucleotide polyphosphate (NPP) anions. Binding of ATP to the sensor results in modulation of FRET efficiency between the donor and the acceptor which afforded a linear relationship between FRET signal and ATP (0.1-10 µM). A limit of detection (LOD) of 94.5 nM was quantified for FRET sensing of ATP by the probe. In addition, Job plot analysis revealed 1:1 binding interaction between the probe and ATP. The FRET probe was successfully utilized in monitoring ATP hydrolysis by apyrase in aqueous solution.
Introduction
Förster resonance energy transfer (FRET) or fluorescence resonance energy transfer (FRET) is a mechanism by which energy can be transferred from an electronic excited light sensitive donor chromophore to another light sensitive acceptor chromophore [1] . FRET is a non-invasive approach with nanometer resolution distinctive in generating sensitive fluorescence signals to determine if two fluorophores are within a certain distance of each other in the 1-10 nm range with a wide array of applications in biology and chemistry [2] . The most significant FRET measurement approaches are fluorescence intensity based approach, fluorescence lifetime based approach, and fluorescence anisotropy based approach [3] . Ratiometric imaging depends on recording fluorescence intensities at two wavelengths simultaneously and calculating the ratio between the two intensities. This technique significantly reduces the effects of environmental changes around the sensor and consequently results in enhanced sensitivity [3] [4] [5] [6] [7] .
ATP is the prevalent energy unit in all living organisms. Current ATP quantification methods rely on luciferase-based bioluminescent assays. Cellular extraction of ATP is required in these assays which results in large variations in the cellular ATP concentration [8, 9] . FRET-based ATP biosensors can be optimized to accurately image and measure ATP concentrations without cellular damage. A genetically encoded FRET-based ATP biosensor was optimized for enhanced ATP affinity at low temperatures. The new biosensor was further utilized in visualization of ATP dynamics at single-cell resolution in Drosophila melanogaster and Caenorhabditis elegans [10] . The ratiometric ATP quantitation of extracellular ATP [11] . Moreover, ATP and ADP-selective fluorescent sensors were designed from ATP and ADP-selective RNA aptamer and converting the RNA aptamer to a fluorescent ribonucleopeptide (RNP) complex which were converted to covalently-linked RNP sensors for application in the simultaneous detection of ATP and ADP in solution. This approach enabled facile and quantitative detection of both ATP and ADP using the dual specific sensors simultaneously in a chemical reaction [12] .
Several molecular probes for fluorescent sensing of ATP have been reported [13] [14] [15] [16] [17] [18] . However, these probes function through monitoring changes in single emission intensities which is vulnerable to alterations from external factors such as temperature, pH, and solvent polarity. On the other hand, ratiometric sensing probes represent a precise sensing platform based on detecting signals at different wavelengths and determining their intensity ration [19] . Limited examples of ratiometric sensors of ATP have been reported [20] [21] [22] [23] . Significant drawbacks of previously reported ATP ratiometric probes such as non-selective response to ATP [22] and synthetic challenges [23] limit their potential applications in ATP sensing. Therefore, it is of great importance to develop a ratiometric probe of ATP that is synthetically accessible and possesses a selective response to ATP.
Coumarins are classic push-pull fluorescent dyes that have been reported in numerous FRET sensing platforms [24] [25] [26] . For example, a coumarin-rhodamine fluorescent probe (1 in Figure 1 ) was reported for ratiometric sensing of Hg 2+ in living cells [25] . Recently, coumarin/benzothiazole probe (2 in Figure 1 ) has been reported as a sensitive fluorescent sensor for the detection of Pd 2+ in aqueous solutions. [27] . Benzothiazole-based chemosensors have been developed for sensitive detection of biologically relevant as well as toxic metal ions [28, 29] . For example, the benzothiazole sensor 3 ( Figure 1 ) enabled ratiometric fluorescent sensing of zinc ion in living cells. Remarkably, the fluorescence response of 3 to Zn II was further utilized in pyrophosphate (PPi) sensing in physiological conditions [28] . Herein, we report a coumarin-benzothiazole probe as a ratiometric sensor of ATP in aqueous conditions. 
Materials and Methods

General
All reagents and solvents were purchased from commercial sources and used as supplied. Compound 4 was obtained from Aurora Fine Chemicals. Chemical reactions were monitored by thin-layer chromatography (TLC). Column chromatography was performed using silica gel (200-300 mesh). UV-vis absorption spectra were recorded on a Perkin Elmer Lambda-25 spectrometer. Fluorescence spectra were recorded on a Hitachi F-4500 fluorescence spectrometer. The fluorescence decays were collected from picosecond time domain spectrometer that employed Time Correlated Single Photon Counting (TCSPC) technique (Model Fluorocube, IBH Jobin Yvon 6.1). 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance II 400 MHz spectrometer. High Resolution Mass Spectra were recorded on ESI-Q-TOF mass spectrometer.
Synthesis
Compound 4 (3.28 g, 9.00 mmol) was dissolved in 300 mL of dichloromethane. The flask was charged with methyl iodide (0.70 mL, 9.00 mmol). The reaction was allowed to stir at room temperature for 6 hr. The reaction mixture was diluted with water and extracted with dichloromethane (2 × 150 mL) and the combined organic fractions were dried over anhydrous Na 2 SO 4 , filtered, and concentrated under reduced pressure. The crude product was purified by flash column chromatography using 5% methanol in dichloromethane to yield 5 as dark yellow solid. Yield 56%. Mp 209-211 • C. 1 
Job Plot Analysis
A Job plot was constructed to determine the binding stoichiometry between 5 and ATP by monitoring the change in F 325 /F 469 ratio as a function of 5/ATP mole fraction. Stock solutions (20 µM each) of 5 and ATP were prepared. Samples were prepared with different mole fractions of 5 and ATP while maintaining the total concentration of ([5] + [ATP]) for each sample at 10 µM.
Computational Studies
All the density functional theory calculations (DFT) were performed using Gaussian 16 quantum chemical program. Initially, individual molecules (probe molecule in its cationic state and ATP with four negative charges) were optimized at M06-2X, a hybrid meta-GGA based Minnesota exchange-correlation functional (54% Hartree-Fock exchange) was used in combination with 6-31 G (d) basis set. During the optimization process, no symmetry constraints were imposed and to ensure that there were no imaginary frequencies on the potential energy surface the optimized geometries were subjected to vibrational frequency analysis calculations and were without any imaginary frequencies. Subsequently, the individual geometries obtained at M06-2X level were used for the generation of initial structure of the complex and was optimized at same functional and basis set.
Results and Discussion
Synthesis
As shown in Scheme 1, the probe 5 was simply prepared through a one-step reaction that included quaternization of the tertiary amine 4 in dichloromethane using methyl iodide at room temperature. Scheme 1. Synthesis of probe 5.
Design of Probe 5
The design strategy of probe 5 as a FRET sensor was based on linking 2-methyl benzothiazole nucleus (6 in Figure 2 ) as a donor to 4,7-dimethyl coumarin (7 in Figure 2 ) as an acceptor via a flexible short aliphatic linkage. An overlap of the emission spectrum of the donor and the absorption spectrum of the acceptor is essential for an efficient FRET sensor. As shown in Figure 3A , the absorption spectrum of 7 largely overlapped with the emission spectrum of 6. In addition, the emission wavelengths of 6 and 7 were well resolved with a 144 nm Stokes shift ( Figure 3A and Figure  S1 ). Moreover, the donor 6 displayed maximum absorbance wavelength at ~300 nm ( Figure S2 ). As shown in Figure 3A , the acceptor coumarin had negligible absorption at 300 nm which allowed selective excitation of the donor 6 in the proposed FRET probe 5. The emission spectrum of probe 5 in HEPES buffer (pH 7.4) upon excitation at maximum absorbance wavelength of the donor (300 nm) revealed an emission centered at 469 nm which was attributed to the acceptor ( Figure 3B ). The quantum yield of the emission of the probe 5 at 469 nm was determined to be 12.5% relative to quinine sulfate in 0.1 M H2SO4. A minimal emission signal of the donor at 325 nm was observed ( Figure 3B ). Therefore, the emission profile of 5 revealed efficient FRET from donor to the acceptor in aqueous solution. The lifetime of the emission of 6 was 9.49 ns, however, the lifetime of the emission of benzothiazole nucleus in 5 was shortened to 3.13 ns, which is a further indicative of efficient FRET in probe 5 under our experimental conditions. 
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FRET Sensing of ATP by Probe 5
In order to validate our design strategy, the association of probe 5 with ATP was studied via monitoring changes in its emission profile. Addition of various concentrations of ATP (0-50 μM) to an aqueous solution of 5 (10 μM) in HEPES buffer (pH 7.5) resulted in significant attenuation of the emission signal of the acceptor at 469 nm which was attributed to ACQ effect. Consequently, the emission signal of the benzothiazole donor in 5 at 325 nm gradually increased revealing a reduced FRET efficiency from the donor to the acceptor. As shown in Figure 4A , the ratio (R) of the emission intensities of 5 at 469 and 325 nm (R = F469/F325) decreased from 6.68 to 0.49 (R = 6.19) upon variation of ATP concentration 0-50 μM. The variation in the F469/F325 of 5 was examined in the presence of other nucleotide phosphate anions such as ADP and AMP. A remarkable differentiation between 
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Aggregation of 5
The proposed ATP sensing mechanism of 5 is based on aggregation of 5 upon electrostatic interactions with negatively charged ATP. Thus, the aggregation of 5 under our experimental conditions was further studied using dynamic light scattering (DLS). The probe 5 solution in HEPES buffer (pH 7.5) in the absence of ATP revealed the presence of small nanoaggregates with average size of 6.4 ± 0.9 nm ( Figure S3 ). However, upon addition of ATP (1 equivalent) to the aqueous solution of 5, larger nanoaggregates with an average size of 435 ± 5.7 nm were detected ( Figure S4 ). These results are in consistent with our proposed ATP sensing mechanism of 5. 
The proposed ATP sensing mechanism of 5 is based on aggregation of 5 upon electrostatic interactions with negatively charged ATP. Thus, the aggregation of 5 under our experimental conditions was further studied using dynamic light scattering (DLS). The probe 5 solution in HEPES buffer (pH 7.5) in the absence of ATP revealed the presence of small nanoaggregates with average size of 6.4 ± 0.9 nm ( Figure S3 ). However, upon addition of ATP (1 equivalent) to the aqueous solution of 5, larger nanoaggregates with an average size of 435 ± 5.7 nm were detected ( Figure S4 ). These results are in consistent with our proposed ATP sensing mechanism of 5.
Analysis of Selectivity and Stoichiometry of Binding
In order to examine the fluorescence response of sensor 5 in the presence of other anions, the emission ratio of the probe F 325 /F 469 was detected in the presence of the equimolar concentrations of the following anions: AcO − , F − , Br − , I − , Cl − , PO 4 3− , SO 4 2− , CO 3 2− , HCO 3 − , NO 3 − , and N 3 − . As shown in Figure 5A , remarkable sensitivity of probe 5 for ATP over a variety of 11 anions is evident. Aiming to gain further insight on the binding interaction between probe 5 and ATP, the binding stoichiometry between ATP and 5 was examined through construction of a Job Plot. The F 325 /F 469 ratio of 5 as function of mole fraction of ATP was monitored ( Figure 5B ). The maximum F 325 /F 469 ratio was detected at~0.5 mole fraction of ATP, which is an indicative of a 1:1 (5:ATP) binding stoichiometry.
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Monitoring ATP Hydrolysis Reaction
Apyrase (ATPase) is a magnesium-dependent enzyme that catalyzes the hydrolysis of ATP into AMP and inorganic phosphate [31] . Optimization of human apyrase has been proposed as a potential therapeutic strategy for arterial thrombosis based on its cardioprotective effect, rapid onset, and potent antiplatelet effect [32] . The sensitivity and selectivity of 5 towards ATP represents a promising platform to develop tools for monitoring apyrase activity. In the presence of 200 mU/mL of apyrase and ATP (20 µM), the probe 5 (10 µM) displays gradual enhancement in F 469 /F 325 ratio until it reaches a plateau at~10 min. Such response is attributed to the differential response of the probe 5 to ATP and its hydrolysis product AMP as previously demonstrated in Figure 4A . As shown in Figure 6 , the variation in F 469 /F 325 of 5 is dependent on the concentration of apyrase (ATPase) with smaller F 469 /F 325 ratios at lower apyrase concentrations. Thus, these preliminary studies illustrate the potential utility of 5 in real-time monitoring of apyrase (ATPase) activity.
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Computational Studies
The stable conformers of probe 5 and ATP were optimized further at DFT level using Gaussian 16 quantum chemical program. The optimized structure of 5 and ATP are displayed in Figure 7A and 7B, respectively. Analysis of the stable structure of 5:ATP complex revealed that the negatively charged oxygens of two phosphate groups in ATP exhibit electrostatic interactions with positively charged ammonium center in probe 5 with distances less than 4 A° as shown in Figure 7C . 
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Conclusions
In this study, a novel FRET sensor is introduced based on hybridization of coumarin and benzothiazole. The sensor exhibited remarkable sensitivity and selectivity to ATP in comparison to other NPP anions as well as a pool of 11 anions. Job plot analysis, Dynamic light scattering (DLS), and computational studies were employed to investigate the potential binding interaction between the probe 5 and ATP in aqueous solution. Interestingly, the probe revealed promising potential for real-time monitoring of ATP hydrolysis reactions which holds promise for future design and development of biological assays based on the reported FRET sensor 5.
Supplementary Materials: Supplementary material is available online at www.mdpi.com/xxx/s1. 
